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I.  Introduction 


It  is  well  known  that  strong  adhesive  bonds  to  the  oxidized  surfaces 
of  metals  may  be  obtained  such  that  failure  is  almost  invariably  by  co¬ 
hesive  fracture  within  the  adhesive.  However,  moisture  has  an  adverse 
effect  on  the  strength  of  adhesive  joints  and  after  prolonged  exposure 
to  water  even  the  most  carefully  prepared  joints  weaken  and  fail  near 
the  interface.  As  a  result,  there  has  been  considerable  interest  in 
developing  methods  for  improving  the  wet  strength  of  adhesive  bonds  to 
metals.  One  way  that  this  may  be  done  is  to  produce  an  oxide  on  the  sur¬ 
face  of  the  metal  that  is  particularly  stable  in  the  presence  of  water. 

This  approach  has,  of  course,  been  used  for  aluminum  adherends  and  it 
has  been  found  that  the  oxide  obtained  by  anodizing  aluminum  in  phos¬ 
phoric  acid  is  particularly  stable  and  enables  strong,  durable  adhesive 
bonds  to  be  obtained  to  aluminum  substrates. 

An  alternative  is  to  utilize  an  organic  material  as  a  primer.  It 
has  been  found  that  certain  organofunctional  silane  compounds  are  ex¬ 
tremely  effective  primers  for  improving  the  wet  strength  of  metal  to 
metal  adhesive  joints.  For  example,  Kinloch  (1)  has  considered  y-glycid- 
oxypropyltrimethoxysilane  (y-GPS)  as  a  primer  for  improving  the  hydro- 
thermal  stability  of  aluminum  tapered  double  cantilever  beams  bonded  with 
an  epoxy  adhesive.  When  unprimed  beams  were  statically  loaded  in  water 
at  23°C,  failure  was  always  apparently  interfacial  but  when  the  adher¬ 
ends  were  primed  with  a  1%  aqueous  solution  of  Y-GPS  prior  to  bending, 
the  load  required  to  produce  failure  in  the  same  time  was  significantly 
increased  and  failure  was  cohesive  within  the  epoxy  resin.  Patrick  (2) 
used  scanning  electron  microscopy  to  determine  the  locus  of  failure  of 
tapered  double  cantilever  beams  prepared  from  2024  aluminum  alloy  and 
bonded  with  an  amine  cured  epoxy.  When  the  samples  were  statically 
loaded  in  the  presence  of  water,  failure  was  initiated  within  the  epoxy 
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resin  but  propagated  along  the  adhesive/adherend  interface.  However,  if 
the  load  was  rapidly  increased,  the  crack  would  again  propagate  within 
the  resin.  Thus,  depending  on  the  loading,  failure  could  be  made  to 
alternate  between  interfacial  and  center-of-bond.  However,  when  the 
aluminum  adherends  were  primed  with  an  aqueous  solution  of  y-aminopropyl- 
triethoxysilane  (y-APS)  prior  to  adhesive  bonding,  interfacial  failure 
was  never  obtained  as  long  as  the  concentration  of  the  y-APS  solution 
was  about  0.01%.  At  higher  or  lower  concentrations,  interfacial  failure 
was  again  obtained.  Finally,  it  has  been  shown  that  y-APS  is  also  effec¬ 
tive  on  titanium.  Schrader  and  Cardamone  (3)  prepared  lap  joints  by 
bonding  titanium  adherends  with  an  epoxy  adhesive.  The  joints  were  im¬ 
mersed  in  boiling  water  for  24  hours  and  then  fractured  in  a  tensile 
testing  device  while  still  wet.  Joints  prepared  from  adherends  pre¬ 
treated  with  a  1%  solution  of  y-APS  before  bonding  always  broke  at  a 
load  about  1.5  times  greater  than  joints  prepared  without  such  pretreat¬ 
ment. 

Although  several  theories  have  been  proposed  to  explain  the  mech¬ 
anisms  by  which  silanes  function  to  improve  the  wet  strength  of  adhesive 
joints  (4),  the  "chemical  bonding"  theory  is,  perhaps,  the  most  widely 
accepted  (see  Figure  1) .  Most  useful  silanes  have  the  general  structure 
R'  -  Si  -  R3 

where  R  is  a  functional  group  that  is  easily  hydrolyzed  and  R'  is  a 
functional  group  usually  chosen  for  compatibil ity  with  a  particular  ad¬ 
hesive.  According  to  the  chemical  bonding  theory,  the  functional  group 
R  are  hydrolyzed  to  form  silanol  (SiOH)  groups  when  the  silane  is  dis¬ 
solved  in  water.  When  a  metal  adherend  is  subsequently  immersed  in  the 
silane  solution,  the  silane  molecules  are  adsorbed  onto  the  oxidized 
surface  of  the  metal  through  the  silanol  groups.  During  subsequent 
drying,  the  3ilanols  may  condense  with  surface  hydroxyl  groups,  forming 
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primary  bonds  with  the  oxide  or  may  co-condense  to  form  a  siloxane  poly¬ 
mer  on  the  surface.  The  functional  group  P. '  may  then  react  with  an  ad¬ 
hesive  applied  to  the  primed  substrate. 

The  chemical  bonding  theory  has  provided  a  useful  model  for  de¬ 
scribing  the  mechanisms  by  wnich  silanes  function.  However,  little  ex¬ 
perimental  evidence  supporting  the  model  has  been  reported.  The  objec¬ 
tives  of  this  research  are  to  determine  the  structure  of  films  formed  by 
the  adsorption  of  y-APS  and  y-GPS  onto  the  oxidized  surfaces  of  aluminum 
and  titanium  primarily  but  also  iron  and  to  determine  the  effect  that 
factors  such  as  oxide  structure  and  solution  pH  have  on  such  adsorption. 
Finally,  the  relation  between  the  structure  of  adsorbed  silane  films 
and  their  effectiveness  as  primers  for  improving  the  wet  strength  of 
metal  to  metal  adhesive  joints  will  also  be  determined. 

Several  analytical  techniques,  including  X-ray  photoelectron  spec¬ 
troscopy  (XPS)  ,  Auger  electron  spectroscopy  (AES),  ellipsometry ,  and 
scanning  electron  microscopy  (SEM)  have  been  used  for  surface  analysis 
in  this  research.  However,  a  relatively  new  optical  technique  referred 
to  as  "reflection-absorption"  infrared  spectroscopy  has  been  used  rather 
extensively  and  is  briefly  described  below. 


II.  Reflection-Absorption  Infrared  Spectroscopy 

Any  attempt  to  obtain  the  infrared  spectrum  of  a  thin  film  on  the 
surface  of  a  metal  necessarily  involves  a  reflection  experiment.  The 
most  important  aspect  of  this  experiment  concerns  the  standing  wave 
created  by  the  combined  incident  and  reflected  beams.  Under  most  cir¬ 
cumstances  this  wave  has  nearly  zero  electric  field  amplitude  at  the 
surface  of  the  metal  and  little  interaction  with  a  surface  film  is  ob¬ 
tained.  However,  when  large,  almost  grazing  angles  of  incidence  and 
radiation  polarized  parallel  to  the  plane  of  incidence  are  used,  the 
electric  field  amplitude  of  the  standing  wave  at  the  surface  of  the 
metal  is  greatest  and  maximum  interaction  with  a  surface  film  is  ob¬ 
tained. 

The  size  or  "depth"  of  an  absorption  band  in  reflection-absorption 
infrared  spectroscopy  may  be  obtained  using  the  formalism  given  by 
Heavens  15) .  Consider  a  metal  substrate  with  refractive  index 
n2  =  n2~ik2  covered  by  a  thin  film  with  refractive  index  n-^  =  n^-ik^ 
shown  in  Figure  2  and  let  the  refractive  index  of  the  surrounding 
medium  be  nQ.  When  parallel  polarized  radiation  is  reflected  from  the 
filmed  substrate  as  shown  in  Figure  2,  the  total  electric  field  ampli¬ 
tude  reflected  back  into  the  surrounding  medium  is  given  by 


where 


and 


r  =  (r]_  +  r2e_2i51)/ (1  +  rir2e  2i<$1) 

(1) 

nnco  s  <{>  -j_-n  ^co  s  <pQ 
r!  n0cos$i+Fiicos<fi0 

(2) 

n]_cos$2~^2cosl^l 
r2  fi2COs$2+fi2cos$i 

(3) 

<51  =  (2Trnj>d1cos4>3_)/>i 

(4) 
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The  intensity  of  the  reflected  beam  ("reflectivity")  is  given  by  R  = 


where  r*  is  the  complex  conjugate  of  r.  The  "depth"  of  an  absorption 
band  is  then  obtained  as 

A  =  (Rq  -  R)/Ro  (5) 

where  Rq  and  R  are  the  reflectivities  for  kj.  =  0  and  k]_  ?  0. 

When  radiation  polarized  perpendicular  to  the  plane  of  incidence  is 
used,  the  analysis  remains  exactly  the  same  but  r^  and  r2  are  then  ob¬ 
tained  as  (5) 


noCQSiftp-nT  cos<fti 
n0cos4>0-rf!icos<fci 


n -^co  s  <$>  2  co  s  4>  2 

fi  }_co  s  <f>  ]_+ ft  2co  s  4>  2 


These  equations  are  rather  difficult  to  solve  by  hand  but  are  easily 
programmed  for  solution  by  computer  techniques.  The  results  obtained  in¬ 
dicate  that  the  band  "depth"  A  for  parallel  polarized  radiation  is  neg¬ 
ligible  for  angles  of  incidence  less  than  about  50°  but  then  rises 
sharply,,  reaching  a  maximum  near  an  angle  of  incidence  of  38°.  The  band 
depth  for  perpendicular  polarized  light  is  always  several  orders  of  mag¬ 
nitude  smaller. 

The  optimum  angle  of  incidence  of  approximately  88°  is  difficult 
to  obtain  in  practice.  Most  experiments  are  designed  for  an  angle  of 
incidence  near  30°.  Such  angles  are,  of  course,  less  than  optimum  and 
the  band  depths  obtained  from  very  thin  films  (e.g.,  monomolecular ) 
are  only  marginally  detectable  using  presently  available  infrared  spec¬ 
trophotometers.  In  order  to  obtain  usable  spectra  from  such  thin  films 
it  is  usually  essential  to  enhance  the  band  depth  by  making  multiple 
reflections  or  by  averaging  several  scans  of  the  same  spectral  region. 

The  number  of  reflections  that  can  be  used  is  related  to  the  reflectiv- 


ity  of  the  substrate.  The  sensitivity  of  the  infrared  technique  is, 
therefore,  greatest  for  good  reflectors  such  as  copper,  gold,  silver, 
and  aluminum  and  is  somewhat  less  for  moderate  reflectors  such  as  iron 
and  titanium. 


III.  Experimental 


A.  Infrared  Spectroscopy 

Iron  sample  mirrors  for  infrared  spectroscopy  were  prepared  by 
mechanically  polishing  "enameling  iron"  (Armco,  Inc.).  In  the  final 
step  the  mirrors  were  polished  with  0,3  micron  alumina  polishing  com¬ 
pound  on  billiard  cloth.  Aluminum  sample  mirrors  were  prepared  by 
mechanically  polishing  2024-T3  alloy  (Alcoa)  with  magnesium  oxide  on 
kitten  ear  cloth.  Titanium  sample  mirrors  were  prepared  by  mechani¬ 
cally  polishing  6A1,  4V  alloy  (Colt  Industries,  Inc.)  using  alumina 
polishing  compound  on  billiard  cloth. 

After  polishing  was  completed  the  mirrors  were  rinsed  repeatedly 
in  distilled  water  and  then  blown  dry  with  nitrogen.  Such  mirrors  were 
hydrophilic  but  became  hydrophobic  during  exposure  to  the  laboratory 
atmosphere.  As  a  result,  only  freshly  polished  mirrors  were  used  as 
substrates  for  infrared  spectroscopy. 

Films  were  formed  by  the  adsorption  of  silanes  from  aqueous  solu¬ 
tions  onto  the  mirrors  as  described  below.  The  mirrors  were  then  mounted 
in  a  reflection  accessary  (Harrick  Scientific  Co.)  in  the  sample  beam 
of  the  infrared  spectrophotometer  (Perkin-Elmer  Model  180) .  Polished 
but  unfilmed  mirrors  were  mounted  in  a  second  reflection  accessory  in 
the  reference  beam,  enabling  all  infrared  spectra  to  be  recorded  differ¬ 
entially.  A  AgBr  wire  grid  polarizer  was  used  to  isolate  the  parallel 
polarized  component  of  the  infrared  radiation  entering  the  monochromator. 
The  spectrophotometer  was  continuously  purged  with  dried  air  to  elimi¬ 
nate  absorption  bands  due  to  acmospheric  moisture. 

The  reflection  accessories  were  actually  configured  in  two  differ¬ 
ent  ways  depending  on  the  reflectivity  of  the  metal  substrates.  For 
titanium  (moderately  reflecting  in  the  infrared  region)  the  configura- 


tion  shown  in  Figure  3A,  providing  a  single  reflection  at  any  angle  of 
incidence,  was  used.  For  iron  and  aluminum  (good  reflectors),  the  con¬ 
figuration  shown  in  Figure  3B,  providing  any  number  of  reflections  at  a 
fixed  angle  of  incidence  (78°)  was  used. 

B.  Ellipsometry 

In  some  cases  the  sample  mirrors  were  examined  immediately  before 
and  after  adsorption  of  the  silanes  using  an  ellipsometer  (Rudolph 
Research  Model  43  6)  .  This  procedure  enabled  the  thicknesses  of  the 
oxides  and  the  adsorbed  films  to  be  determined. 

C.  X-Ray  Photoelectron  and  Auger  Electron  Spectroscopy 

Samples  for  X-ray  photoelectron  and  Auger  electron  spectroscopy 
were  prepared  in  the  same  way  as  samples  for  infrared  spectroscopy  and 
were  then  stored  in  a  dessicator  until  they  were  ready  for  use  (usually 
the  following  day) .  XPS  and  AES  spectra  were  mostly  obtained  using 
Physical  Electronics  spectrometers  at  Bell  Laboratories  in  Columbus, 
Ohio.  However,  a  few  AES  spectra  were  obtained  using  a  Physical  Elec¬ 
tronics  spectrometer  at  Armco,  Inc.  in  Middletown,  Ohio. 

D.  Adhesive  Joints 

Single  lap  shear  adhesive  joints  were  prepared  according  to  ASTM 
Standard  D1002.  Pairs  of  metal  adherends  (4.0  x  1.0  x  0.063  in.)  were 
polished  as  described  above.  In  some  cases  the  adherends  were  then  im¬ 
mersed  in  aqueous  solutions  of  silane  at  the  appropriate  pH  and  concen¬ 
tration  for  thirty  minutes  and  then  blown  dry  in  a  stream  of  nitrogen. 

In  other  cases  the  adherends  were  left  untreated  as  a  control.  In  all 
cases,  pairs  of  similarly  prepared  adherends  were  bonded  together  using 
an  adhesive  consisting  of  an  epoxy  resin  (Epon  828,  Shell  Chemical  Co.) 
and  9.4  weight  percent  of  a  tertiary  amine  curing  agent  (Ancamine  K-61B, 
Pacific  Anchor  Chemical  Co.).  The  adhesive  was  cured  for  four  days  at 
room  temperature  and  one  hour  at  100°C.  The  joints  were  then  cooled  to 


room  temperature  and  immersed  in  a  water  bath  at  6 0°C.  At  appropriate 
intervals  joints  were  removed  from  the  bath  and  drawn  in  an  Instron 
Universal  Testing  Instrument  at  a  rate  of  0.05  in/min  and  the  force 
required  to  break  the  joints  was  determined. 


IV.  Results  and  Discussion 

A.  Iron  substrates 

Freshly  polished  iron  mirrors  were  characterized  using  Auger  elec¬ 
tron  spectroscopy  and  ellipsometry .  Results  obtained  from  ellipsometry 
indicated  that  such  mirrors  were  typically  covered  by  an  oxide  25-50  A 
thick.  Results  obtained  from  AES  indicated  that  the  only  elements  pre¬ 
sent  on  the  surfaces  of  the  mirrors  were  carbon,  oxygen,  iron,  and  zinc 
(see  Figure  4A) .  Most  of  the  carbon  was  undoubtedly  due  to  adsorbed 
hydrocarbons  while  the  zinc  was  probably  present  in  the  water  used  in 
the  polishing  operation.  The  iron  and  oxygen  were,  of  course,  related 
to  the  oxide.  When  the  surface  was  sputtered  for  ten  minutes,  the  zinc 
signal  disappeared  completely  and  the  carbon  and  oxygen  signals  were 
greatly  reduced  in  intensity  (see  Figure  4B) .  At  the  same  time  the  iron 
signal  increased  considerably.  These  results  confirmed  that  the  oxide 
was  only  a  few  tens  of  angstroms  in  thickness . 

The  infrared  spectra  of  films  formed  by  y-APS  adsorbed  onto  iron 
mirrors  from  1.0%  aqueous  solutions  at  pH  10.4  and  pH  8.0  are  shovm  in 
Figures  5A  and  B,  respectively.  Spectra  of  films  formed  at  pH  =  10.4 
are  characterized  by  strong  absorption  bands  near  1550,  1470,  and  1130 
cm  *  and  by  weaker  bands  near  1320  and  2920  cm  The  transmission  in¬ 
frared  spectrum  of  y-APS  is  characterized  by  strong  infrared  absorption 
bands  near  960,  1080,  1105,  2855,  2880,  2920,  and  2970  cm  ^  that  are 
characteristic  of  SiOCH2CH2  groups  (6).  The  absence  of  these  bands  from 
the  spectrum  shown  in  Figure  5A  indicates  that  y-APS  is  in  fact  hydro¬ 
lyzed  in  an  aqueous  solution  to  form  silanol  (SiOH)  species.  The  strong 
band  near  1130  cm  ^  in  Figure  5A  is  assigned  to  an  SiOSi  vibration,  in¬ 
dicating  that  the  silanol  species  have  condensed  on  the  oxidized  iron 
surface  to  form  siloxane  polymers. 

The  bands  near  1550  and  1470  cm~^  in  y-APS  films  formed  at  pH  10.4 
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(see  Figure  5A)  have  been  the  subject  of  considerable  discussion.  Nei¬ 
ther  of  these  bands  is  observed  in  transmission  spectra  of  y-APS  (6) 

and  it  has  been  thought  that  these  bands  might  be  related  to  an  inter¬ 
nal  zwitterion  (7) 


or  to  interaction  of  the  silane  with  the  oxide  through  the  amino  group 
(8).  However,  we  have  recently  determined  that  bands  can  be  observed 
near  these  frequencies  in  transmission  infrared  spectra  of  certain  fatty 
amines.  For  example,  bands  are  observed  near  1565  and  1485  cm  *  in  in¬ 
frared  spectra  of  lauryl  amine  (9) .  It  is  known  that  primary  amines  can 
absorb  carbon  dioxide  to  form  bicarbonate  species  (10)  and  it  may  be 
that  the  bands  near  1565  and  1485  cm  ^  for  lauryl  amine  are  related  to 
such  species.  This  assignment  was  confirmed  by  an  experiment  to  remove 
absorbed  carbon  dioxide  from  the  lauryl  amine  (9) .  A  small  amount  of 
the  amine  was  deposited  onto  a  KBr  disc.  The  infrared  spectrum  obtained 
from  this  sample  was  characterized  by  the  abovementioned  bands  near  1565 
and  1485  cm  The  KBr  disc  was  then  warmed  in  air  for  about  an  hour 
and  then  transferred  to  the  infrared  spectrophotometer  which  was  purged 
with  nitrogen.  The  spectrum  obtained  in  that  case  was  characterized  by 
bands  near  1610  and  1460  cm  ^  that  can  be  assigned  to  the  deformation 
modes  of  free  amino  and  methylene  groups,  respectively.  When  the  KBr 
disc  was  maintained  in  the  nitrogen  atmosphere,  the  bands  near  1485  and 
1565  cm  ^  did  not  appear.  However,  these  bands  did  reappear  when  the 
disc  was  exposed  to  the  laboratory  atmosphere  for  about  half  an  hour. 

In  a  separate  experiment,  reflection-absorption  infrared  spectros¬ 
copy  was  used  to  determine  the  structure  of  y-APS  films  adsorbed  onto 


iron  mirrors  from  aqueous  solutions  under  conditions  that  were  free  of 
carbon  dioxide  (9) .  Samples  were  prepared  in  a  nitrogen-purged  glove- 
box  located  above  the  sample  chamber  of  the  infrared  spectrophotometer. 
Immediately  after  preparation,  the  samples  were  lowered  through  the 
bottom  of  the  glovebox  and  mounted  in  the  reflection  accessory  in  the 
sample  beam  of  the  spectrophotometer  (which  was  also  purged  with  nitro¬ 
gen)  .  The  infrared  spectrum  obtained  from  one  such  pair  of  mirrors  is 
shown  in  Figure  6A.  Strong  bands  are  observed  near  1040  and  1130  cm-* 
as  are  weaker  bands  near  2850  and  2420  cm-*.  However,  only  weak  absorp¬ 
tion  was  obtained  between  1400  and  1700  cm  *.  The  sample  mirrors  were 
then  maintained  in  the  spectrophotometer  but  the  purge  gas  was  switched 
to  dried  air.  After  a  few  hours,  the  spectrum  shown  in  Figure  6B  was 
obtained.  Absorption  bands  near  1470  and  1570  cm-*  were  again  observed. 
Although  the  formation  of  a  zwitterion  structure  can  not  be  ruled  out, 
the  results  described  above  indicate  that  the  bands  observed  near  1470 
and  1570  cm  *  in  infrared  spectra  of  y-APS  films  formed  on  iron  at  pH 
10.4  are  probably  related  to  a  bicarbonate  species. 

Infrared  spectra  of  y-APS  films  formed  on  iron  at  pH  8.0  (see  Figure 
5B)  are  characterized  by  a  strong  absorption  band  near  1135  cm-*  and  by 
much  weaker  bands  near  1500  and  1600  cm  *.  Again,  the  band  near  1135  cm 
is  assigned  to  an  SiOSi  vibration,  indicating  polymerization  of  y-APS  on 
the  oxidized  iron  surface.  The  bands  near  1500  and  1600  cm  *  are  as¬ 
signed  to  vibrational  modes  of  NH^  groups,  indicating  formation  of  hydro¬ 
chlorides  (HC1  was  used  to  acidify  the  y-APS  solutions) . 

Results  obtained  from  X-ray  photoelectron  spectroscopy  were  in  good 
agreement  with  those  obtained  from  infrared  spectroscopy  (9) .  Portions 
of  the  XPS  spectra  obtained  from  y-APS  films  formed  at  pH  8.0  and  10.4 
are  shown  in  Figures  7  and  8,  respectively.  For  films  formed  at  pH  *  8.0 
the  nitrogen  Is  binding  energy  was  split  into  two  components  near  399.6 


and  401.5  ev  that  may  be  assigned  to  free  (NH2 )  and  protoanted  (NH3) 
amino  groups,  respectively.  For  filiag  formed  at  pH  10.4,  the  nitrogen 
Is  binding  energy  had  only  a  single  component  near  399.6  ev,  indicating 
that  the  bicarbonate  species  was  unstable  in  the  vacuum  system  of  the 
XPS  spectrometer.  The  XPS  results  did  not  depend  significantly  on  film 
thickness.  Similar  results  were  obtained  from  films  about  100  A  thick 
that  were  adsorbed  from  1%  solutions  and  from  films  about  20  &  thick 
that  were  adsorbed  from  0.4%  solutions  (see  Figures  7  and  8). 

The  oxygen  Is  binding  energy  was  always  composed  of  components 
near  532.0  and  530.5  ev  that  were  characteristic  of  the  polysiloxane 

O 

and  the  oxide,  respectively.  For  the  100  A  films  the  component  near 

O 

532.0  ev  was  always  stronger  but  for  the  20  A  films  the  component  near 
530.5  ev  was  stronger.  Such  results  are,  of  course,  expected  for  con¬ 
tinuous  films  of  varying  thickness.  The  continuous  nature  of  the  films 
was  verified  using  Auger  electron  spectroscopy  to  obtain  silicon  Auger 
images  from  similarly  prepared  films.  No  evidence  for  formation  of 
primary  bonds  between  y-APS  and  the  oxidized  surface  of  iron  mirrors 
was  obtained  from  XPS . 

Somewhat  similar  results  have  been  obtained  for  y-GPS.  The  trans¬ 
mission  infrared  spectrum  of  y-GPS  is  shown  in  Figure  9A.  The  spectrum 
is  characterized  by  strong  absorption  bands  near  1200,  1085,  and  820 
cm  Weak  bands  are  observed  near  1465,  1410,  1385,  1335,  1264  ,  912  , 
855,  and  780  cm  ^ .  The  band  near  1200  cm-^  is  assigned  tc  a  methyl 
rocking  mode  of  the  SiOCHj  groups  and  the  bands  near  1085  and  820  cm  1 
are  assigned  to  SiOC  stretching  modes  of  the  same  group.  The  weaker 
bands  near  1264,  912,  and  855  cm  ^  are  assigned  to  stretching  modes  of 
the  epoxy  ring.  The  remaining  weak  bands  are  undoubtedly  due  to  CH2 
deformation  modes  in  the  glycidoxypropyl  functional  groups. 

The  structure  of  films  formed  by  the  adsorption  of  y-GPS  onto  iron 


mirrors  from  aqueous  solutions  has  also  been  investigated  using  infrared 
spectroscopy.  However,  y-GPS  was  found  to  be  a  rather  poor  film  former 
and  although  several  different  deposition  techniques  were  investigated, 
only  discontinuous  films  with  poorly  reproducible  thicknesses  were  usu¬ 
ally  obtained.  The  best  films  were  obtained  by  adding  a  few  drops  of 
acetic  acid  to  1%  aqueous  solutions  of  y-GPS  to  catalyze  hydrolysis  of 
the  silane  and  then  hydrolyzing  the  silane  for  an  appropriate  time  be¬ 
fore  immersing  the  iron  mirrors.  The  mirrors  were  then  withdrawn  at  a 
constant  rate  (usually  0.125  in/min)  using  a  motorized  device  constructed 
for  this  purpose.  The  spectrum  shown  in  Figure  9B  was  obtained  from 
iron  mirrors  that  were  immersed  for  60  minutes  in  a  solution  that  had 
been  pre-hydrolyzed  for  30  minutes.  In  this  case  the  bands  near  820  and 
1200  cm  ^  are  considerably  reduced  in  intensity,  indicating  substantial 
hydrolysis  of  the  silane.  However,  a  strong  band  is  observed  near  1120 
cm  ^ ,  indicating  polymerization  to  form  a  polysiloxane  on  the  surface. 

The  thickness  of  the  y-GPS  films  was  closely  related  to  the  con¬ 
centration  of  the  solutions.  Films  about  100  A  thick  were  formed  from 
1%  aqueous  solutions.  Nearly  monomolecular  films  were  formed  from  more 
dilute  solutions  but  the  spectra  of  such  films  were  similar  to  spectra 
of  thicker  films.  No  evidence  for  the  formation  of  primary  bonds  be¬ 
tween  the  silane  and  the  oxide  was  obtained  from  infrared  spectroscopy 
or  XPS. 

These  results  indicate  that  the  chemical  bonding  theory  can  be  at 
least  partially  supported.  There  is  no  doubt  that  the  silanes  are  hy¬ 
drolyzed  in  aqueous  solutions  and  that  the  silanes  polymerize  during 
drying  to  form  polysiloxanes .  However,  no  evidence  for  formation  of 
primary  bonds  between  the  oxide  and  the  silanes  was  obtained  using  XPS 
or  infrared  spectroscopy.  Accordingly,  it  must  be  concluded  that  inter¬ 
action  between  y-APS  and  y-GPS  and  the  oxidized  iron  surface  most  likely 
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involves  hydrogen  bonding. 

As  indicated  above,  we  have  prepared  single  lap  shear  adhesive 
joints  in  order  to  determine  the  effectiveness  of  y-APS  and  y-GPS  as 
primers  for  improving  the  wet  strength  of  iron/epoxy  adhesive  joints 
and  to  determine  the  relation  between  silane  structure  and  such  effec¬ 
tiveness  (9).  The  results  are  shown  in  Figure  10.  Joints  prepared 
from  adherends  pretreated  with  silane  solutions  prior  to  adhesive 
bonding  were  always  much  stronger  than  joints  prepared  from  unprimed  ad¬ 
herends.  The  greatest  improvement  in  wet  strength  for  joints  primed  with 
y-APS  was  obtained  when  the  primer  was  applied  from  solutions  acidified 
by  addition  of  HCl.  Unprimed  joints  retained  only  about  25%  of  their 
strength  after  60  days  immersion  at  60°C.  Joints  prepared  with  y-APS 
primer  at  pH  10.4  retained  about  50%  of  their  strength  after  60  days  but 
joints  prepared  with  y-APS  primer  at  pH  8.0  retained  about  70%  of  their 
strength  after  such  immersion.  Joints  primed  with  1%  aqueous  solutions 
of  y-GPS  acidified  by  addition  of  a  few  drops  of  acetic  acid  retained 
about  55%  of  their  original  strength  after  60  days. 

The  results  shown  in  Figure  10  could  be  interpreted  in  several  ways. 
The  stress  distribution  in  single  lap  joints  has  been  considered  by  sev¬ 
eral  groups  (11,12)  and  has  been  shown  to  be  very  non-uniform.  The  maxi¬ 
mum  shear  stress  in  the  adhesive  in  such  joints  is  at  the  ends  of  the 
lap  and  can  be  several  times  greater  than  the  average  shear  stress  (11,12). 
DeVries  calculated  the  maximum  shear  stress  in  dry  aluminum/epoxy  lap 
joints  and  showed  that  failure  in  such  joints  occurred  when  a  particular 
maximum  shear  stress  was  obtained  (11).  However,  a  failure  criterion 
based  only  on  the  maximum  shear  stress  in  a  lap  joint  cannot  be  used  to 
interpret  the  results  for  water  soaked  joints  shown  in  Figure  10. 

A  very  simple  alternative  was  suggested  by  a  model  for  the  environ¬ 
mental  degradation  of  iron/epoxy  butt  joints  that  was  recently  proposed 
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by  Kinloch  (13) .  It  was  suggested  that  the  loss  in  strength  of  an  ad¬ 
hesive  joint  exposed  to  water  can  be  explained  in  terms  of  diffusion  of 
water  into  the  joint  and  the  accumulation  of  a  critical  concentration  of 
water  a  certain  distance  into  the  joint,  causing  "debonding"  over  that 
same  distance.  For  the  case  of  lap  joints  used  in  our  work,  this  would 
mean  that  the  edges  of  the  joint  would  ''debond "  during  water  immersion 
and  that  the  size  of  the  "bonded"  area  near  the  center  of  the  joint  would 
gradually  decrease  as  the  critical  concentration  was  obtained  further  and 
further  into  the  joint  due  to  continuing  water  diffusion  into  the  joint. 

The  average  shear  stress  in  the  joint  is  given  by  x  =  F/A  where  F 

is  the  force  applied  to  the  adherends  and  A  is  the  bonded  area.  If  it 
is  assumed  that  the  joint  fails  when  a  critical  average  shear  stress  (xc) 
is  obtained  in  the  joint,  then  the  force  required  to  produce  failure 
should  be  given  by  Fc  =  xcA.  The  bonded  area  (A)  can  be  determined  by 
solving  the  equation  for  diffusion  of  water  into  a  rectangular  joint  and 
the  breaking  strength  (Fc)  of  the  joint  can  be  measured  experimentally. 

A  plot  of  Fc  versus  A  should  be  a  straight  line  passing  through  the  ori¬ 
gin  and  having  a  slope  equal  to  xc. 

The  equation  for  diffusion  of  water  into  a  rectangular  area 
{-a<x<a,  -bsyib}  is  (14) 

3C  _  dU2C  ,  32C  l 

5t‘  )I7r  +  yp1  <8) 

where  C  is  the  concentration  at  the  point  (x,y)  inside  the  rectangular 
area  at  time  t  and  D  is  the  diffision  coefficient.  The  solution  to  this 
equation  is  given  as  (15) 

C(x,y)  *  C (»)  [1—0  (a,x) ,® (b,y) ]  (9) 

where  C(»)  is  the  maximum  water  absorption  by  the  adhesive, 

00 

<J>(a,x)  =  |  C  [  ( - 1 )  n/  (2n+l)  ]  exp  [ -  (2n+l)  2Tr2Dt/4a2  J  cos  [  (2n+l)  irx/2a  j,  (10 


$(b,y)  has  a  similar  form.  Using  equation  9,  the  concentration  of  water 
at  any  point  in  a  lap  joint  can  be  calculated  as  a  function  of  time. 
Moreover,  for  any  particular  time,  a  contour  connecting  all  points  having 
a  given  concentration  can  be  drawn. 

Kinloch  has  measured  the  maximum  water  absorption  and  the  diffusion 

coefficient  for  water  in  the  adhesive  used  here  as  2.20  gms  per  100  gms 
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of  adhesive  and  18.1  x  10  cm  /sec  at  60°C  and  has  suggested  that  the 
critical  concentration  for  "debonding "  the  adhesive  from  an  iron  sub¬ 
strate  is  about  1.37  gms  of  water  per  100  gms  of  adhesive  (13).  A  com¬ 
puter  program  was  written  to  solve  equation  9  and  contours  showing  the 
critical  concentration  of  water  in  a  lap  joint  as  a  function  of  time 
were  constructed.  The  results  for  10,  40,  and  60  days  are  shown  in  Fig¬ 
ure  11.  The  "bonded"  area  (A)  is  the  area  inside  the  contours  where  the 
concentration  is  below  the  critical  concentration  and  is  shaded  for  the 
case  of  sixty  days  immersion. 

As  indicated  above,  plots  of  breaking  strength  (Fc)  versus  "bonded" 
area  (A)  should  be  straight  lines  passing  through  the  origin  and  having 
a  slope  equal  to  the  critical  shear  strength  (Tc) .  Plots  of  Fc  versus 
A  for  unprimed  joints  and  joints  primed  with  y-GPS  are  shown  in  Figure 
12.  The  data  obviously  fit  the  model  quite  well.  The  data  for  joints 
primed  with  y-APS  did  not  fit  the  model  unless  the  critical  concentra¬ 
tion  was  assumed  to  increase  to  about  1.56  gms  of  water  per  100  gms  of 
adhesive.  The  results  obtained  in  that  case  are  also  shown  in  Figure 
12.  Once  again  good  agreement  with  the  model  is  obtained. 

Reference  to  Figure  12  indicates  that  for  this  model,  the  critical 
concentration  of  water  is  the  same  for  unprimed  joints  and  joints  primed 
with  y-GPS.  However,  the  critical  shear  strength  is  much  higher  for 
joints  primed  with  y-GPS.  This  seems  to  indicate  that  the  y-GPS  primer 
results  in  an  interface  that  is  just  as  susceptible  to  water  as  that  of 


the  unprimed  joints  but  has  greater  mechanical  strength.  Reference  to 
Figure  12  also  indicates  that  the  y-APS  primer  results  in  an  interface 
that  is  less  susceptible  to  water  (i.e,,  a  greater  critical  concentra¬ 
tion  of  water  is  required  for  "debonding")  and  has  greater  mechanical 
strength  than  the  interface  of  the  unprimed  joints. 

Another  interpretation  of  the  results  shown  in  Figure  10  was  sug¬ 
gested  by  a  model  recently  proposed  by  Andrews  for  the  hydrothermal  de¬ 
gradation  of  epoxy/titanium  adhesive  joints  (16).  According  to  Andrews, 
the  epoxy/titanium  interface  consists  of  strong,  primary  bonds  having 
bond  energy  UA  and  weaker  bonds  having  energy  UQ  that  are  obtained  by 
hydrolysis  of  the  primary  bonds.  The  intrinsic  interfacial  fracture 
energy  is  then  obtained  as 

0ott)  *  n(t)UA  +  (N-n(t))UB  =  n(t)(UA-UB)  +  NUB  (11) 

where  N  is  the  total  number  of  interfacial  bonds  and  n(t)  is  the  number 
of  primary  interfacial  bonds.  Assuming  that  the  hydrolysis  reaction  fol¬ 
lows  first  order  kinetics, 

n (t)  =  Ne“kt  (12) 

where  k  is  a  rate  constant.  Then, 

eQlt)  =  (UA-UB)Ne"kt  +  NUb  (13) 

Now,  Qo(0)  obviously  equals  NUA  and  0O(«)  equals  NUB.  The  intrinsic  in¬ 
terfacial  fracture  energy  is  then  obtained  as 

0o(t)  *  (0o(o)  -  0O  (°°)  }e~kt  +  0O<«)  (14) 

The  two  models  described  above  give  the  breaking  strength  and  frac¬ 
ture  energy  as  a  function  of  time  in  an  aggressive  environment  and  can 
not  be  compared  rigorously.  However,  it  is  felt  that  breaking  strength 
and  fracture  energy  have  similar  dependence  on  time  and  that  the  two 
models  can  be  compared  qualitatively.  It  may  then  be  observed  that  both 


models  predict  that  breaking  force  decreases  exponentially  with  time. 

The  essential  difference  between  the  two  models  is  that  the  former  pre¬ 
dicts  that  the  breaking  strength  of  a  joint  will  drop  to  zero  when  the 
critical  concentration  of  water  is  obtained  at  all  points  in  the  joint 
while  the  latter  predicts  a  residual,  finite  breaking  strength.  Refer¬ 
ence  to  Figures  10  and  12  indicates  that  for  iron/epoxy  lap  joints  the 
breaking  strength  generally  does  decrease  exponentially  with  increasing 
immersion  time  and  reference  to  Figure  12  indicates  that  breaking  strength 
does  extrapolate  to  zero  for  small  values  of  A  (i.e.,  long  immersion 
times) .  However,  fracture  energies  and  breaking  strengths  at  longer 
times  may  have  to  be  determined  in  order  to  determine  which  model  best 
represents  the  environmental  degradation  of  iron/epoxy  lap  joints. 

B.  Aluminum  substrates 

There  has  been  considerable  discussion  regarding  the  nature  of  the 
oxides  formed  on  aluminum  adherends  during  various  hydrothermal,  etching, 
and  anodization  treatments.  Therefore,  the  first  phase  of  this  research 
was  concerned  with  determining  the  structure  of  the  oxides  on  2024  alu¬ 
minum  mirrors.  When  freshly  polished  mirrors  were  characterized  using 
AES  (see  Figure  13) ,  the  only  elements  detected  in  significant  quanti¬ 
ties  were  aluminum  and  oxygen,  indicating  that  the  air-formed  oxide  was 
probably  an  amorphous  A^O^.  Small  amounts  of  carbon  and  copper  were 
also  detected.  Copper  is,  of  course,  the  major  alloying  element  in  2024. 
The  carbon  was  rapidly  removed  during  sputtering  and  was  undoubtedly  due 
to  adsorbed  hydrocarbons. 

Infrared  spectra  of  freshly  polished  mirrors  were  characterized  by 
an  intense  absorption  band  near  960  cm-^  (see  Figure  14A)  that  was  as¬ 
signed  to  an  A10  stretching  vibration  in  amorphous  AI2O3.  When  mirrors 
were  immersed  in  boiling  distilled  water  for  five  minutes,  spectra  simi¬ 
lar  to  that  in  Figure  14B  were  obtained.  These  spectra  were  character- 


ized  by  absorption  bands  near  3399,  3099,  1640,  1375,  1080,  847,  and 
650  cm  ^  and  the  oxide  was  readily  identified  as  pseudoboehmite  (A^O-j* 
XH20,X=2) . 

When  the  temperature  of  the  water  treatment  was  lowered,  the  rate 
at  which  the  natural  oxide  transformed  to  pseudoboehmite  was  also  re¬ 
duced.  Only  the  natural  oxide  was  observed  after  five  minutes  at  63 6 C 
but  only  pseudoboehmite  was  observed  after  sixty  minutes.  The  conver¬ 
sion  of  the  natural  oxide  to  pseudoboehmite  at  40°C  is  shown  in  Figure 
15.  Only  the  natural  oxide  was  observed  after  one  hour  (Figure  15A)  but 
pseudoboehmite  began  to  appear  after  sixteen  hours  (Figure  15B)  and  only 
pseudoboehmite  was  observed  after  24  hours  (Figure  15C) .  At  room  tem¬ 
perature  the  natural  oxide  was  the  only  oxide  present  after  22  hours. 

These  results  differ  somewhat  from  those  previously  reported  (17) 
relating  the  strength  of  epoxy/aluminum  adhesive  joints  to  the  hydro- 
thermal  treatment  given  to  the  adherends  prior  to  adhesive  bonding.  The 
strength  of  joints  prepared  from  adherends  immersed  in  distilled  water 
at  10° C  reached  a  maximum  after  about  30  minutes  immersion  time  and  then 
slowly  decreased  as  immersion  time  was  increased.  It  was  suggested  that 
this  behavior  was  related  to  the  formation  after  30  minutes  of  a  thin 
layer  of  bayerite  (B-A^C^*  3H20)  that  strongly  adsorbed  the  epoxy  adhe¬ 
sive.  It  was  also  suggested  that  increased  immersion  time  resulted  in 
thicker  films  of  bayerite  that  were  mechanically  weak,  resulting  in  the 
decreased  joint  strengths  observed  for  long  immersion  times.  However, 
the  results  obtained  here  indicate  that  bayerite  is  not  formed  by  a 
simple  hydrothermal  treatment  of  mechanically  polished  2024  alloy.  What 
is  observed  is  the  transformation  of  amorphous  Al2C>3  to  pseudoboehmite 
at  a  rate  that  increases  with  temperature. 

Films  of  y-APS  were  formed  on  freshly  polished  aluminum  mirrors  by 
immersing  the  mirrors  in  1%  aqueous  solutions  of  y-APS  for  appropriate 
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times,  withdrawing  the  mirrors,  and  blowing  the  excess  solution  off  the 
mirrors  using  a  strong  stream  of  nitrogen.  The  structure  of  such  films 
was  then  determined  as  a  function  of  pH  and  immersion  time  using  infra¬ 
red  spectroscopy.  The  results  are  shown  in  Figure  16.  Films  formed  by 
adsorption  from  solutions  acidified  to  pH  8.5  by  addition  of  HC1  were 
characterized  by  absorption  bands  near  3300,  3000,  1600,  1500,  and  1080 
cm  ^ .  The  bands  near  1600  and  1500  cm  ^  may  be  assigned  to  deformation 
vibrations  of  protonated  amino  (NH*)  groups  while  the  broad  band  near 
3000  cm  ^  may  be  assigned  to  the  stretching  modes  of  the  same  groups,  in¬ 
dicating  that  y-APS  is  probably  adsorbed  as  a  hydrochloride  at  pH  8.5. 

The  band  near  3300  cm  ^  is  undoubtedly  due  to  the  stretching  vibrations 
of  silanol  (SiOH)  groups,  indicating  that  the  adsorbed  y-APS  is  highly 
hydrolyzed.  The  strong  band  near  1080  cm-1  is  undoubtedly  due  to  an 
SiO  asymmetric  stretching  mode,  indicating  that  some  of  the  silanols 
condensed  on  the  surface  to  form  siloxane  polymers.  It  is  interesting 
to  note  that  the  corresponding  band  for  y-APS  adsorbed  onto  iron  at  com¬ 
parable  pH  values  (Figure  5B)  is  near  1130  cm  It  is  felt  that  the 

low  frequency  observed  for  the  SiO  stretching  mode  indicates  that  y-APS 
is  adsorbed  onto  aluminum  as  low  molecular  weight  oligomers,  possibly 
because  of  a  strong  interaction  between  y-APS  and  the  oxidized  surface 
of  aluminum. 

When  films  were  formed  by  the  adsorption  of  y-APS  onto  aluminum 
mirrors  from  1%  aqueous  solutions  at  the  natural  pH  (10.4),  the  struc¬ 
ture  of  the  films  depended  on  the  adsorption  time.  Films  formed  during 
one  minute  adsorption  were  characterized  by  absorption  bands  near  2920, 
1630,  1570,  1470,  1330,  and  1100  cm  ^  (see  Figure  16B) .  This  spectrum 
is  very  similar  to  spectra  obtained  from  y-APS  adsorbed  onto  iron  at 
comparable  pH  values  (see  Figure  5A) .  Observation  of  the  infrared  bands 
near  1570  and  1470  cm  ^  probably  indicates  the  formation  of  an  amine  bi- 
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carbonate  for  y-APS  adsorbed  onto  aluminum  at  pH  10.4.  Observation  of 
the  SiO  asymmetric  stretching  mode  near  1100  cm”1  indicates  formation  of 
a  siloxane  polymer . 

Films  formed  during  fifteen  minutes  adsorption  at  pH  10.4  were 
characterized  by  a  strong  absorption  band  near  1080  cm-1,  a  weak,  broad 
band  extending  from  about  1650  cm  1  to  about  1500  cm  1,  and  a  weak  band 
near  2920  cm  1  (see  Figure  16C) .  The  strong  band  near  1080  cm  1  indi¬ 
cates  polysiloxane  formation  but  the  low  frequency  of  this  band  compared 
to  that  observed  for  similar  films  on  iron  may  indicate  substantial  in¬ 
teraction  between  y-APS  and  the  oxidized  surface  of  the  aluminum  mirrors. 
In  fact,  when  the  reflection  accessory  was  removed  from  the  reference 
beam  of  the  spectrophotometer  enabling  the  oxide  absorption  band  for  the 
sample  mirrors  to  be  studied,  it  was  observed  that  the  absorption  band 
near  960  cm  1 ,  which  is  characterisitic  of  the  air  formed  oxide,  decreased 
in  intensity  during  adsorption  of  y-APS  at  pH  10.4  for  fifteen  minutes, 
indicating  dissolution  of  the  oxide  and,  perhaps,  deposition  of  an  alumi- 
num/y-APS  complex  on  the  surface.  The  broad,  weak  band  extending  from 
1650  to  1500  cm  1  may  be  related  to  hydrogen  bonding  of  the  amino  groups 
or,  perhaps,  to  formation  of  a  complex  with  metal  ions. 

Results  obtained  from  X-ray  photoelectron  spectroscopy  were  consis¬ 
tent  with  those  obtained  from  infrared  spectroscopy.  However,  in  some 
cases  the  XPS  spectra  provided  new  information  regarding  the  interaction 
between  y-APS  and  the  oxidized  surface  of  aluminum.  The  XPS  spectrum  of 
y-APS  adsorbed  onto  aluminum  at  pH  8.5  is  shown  in  Figure  17A  and  several 
interesting  features  may  be  noted.  The  nitrogen  Is  binding  energy  is 
near  402.0  ev.  This  value  is  somewhat  above  that  usually  observed  for 
free  primary  amino  groups  (-399.5  ev) ,  indicating  that  the  amino  groups 
in  y-APS  adsorbed  at  pH  8.5  are  protonated,  probably  as  hydrochlorides. 

The  oxygen  Is  binding  energy  is  observed  near  532.6  ev,  a  value  charac- 
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teristic  of  siloxane  polymers.  The  aluminum  2p  band  near  75.7  ev  is  sub¬ 
stantially  stronger  than  the  silicon  2p  band  near  102.9  ev ,  indicating 
that  the  y-APS  films  were  quite  thin  or,  perhaps,  that  aluminum  was  in¬ 
cluded  in  the  films.  The  strong  aluminum  signal  could  also  indicate  a 
discontinue  s  film.  As  indicated  above,  Auger  images  from  y-APS  films 
adsorbed  onto  iron  indicated  that  continuous  films  were  obtained  in  that 
case.  However,  similar  Auger  investigations  are  needed  to  determine 
whether  the  y-APS  films  adsorbed  onto  aluminum  are  also  continuous. 

The  XPS  spectrum  of  y-APS  adsorbed  onto  aluminum  from  1%  aqueous 
solutions  at  pH  10.4  for  one  minute  is  shown  in  Figure  17B.  In  this 
case  the  nitrogen  Is  binding  energy  is  observed  near  400.8  ev.  This 
value  is  intermediate  between  those  usually  observed  for  free  and  pro- 
tonated  amino  groups  and  may  indicate  formation  of  an  amine  complex. 
However,  more  work  is  needed  to  verify  such  an  assignment.  The  aluminum 
and  silicon  bands  near  75.7  and  102.9  ev,  respectively,  are  more  nearly 
equal  in  intensity  than  for  films  formed  at  pH  8.5,  probably  indicating 
that  the  y-APS  films  formed  at  pH  i0.4  were  somewhat  thicker  than  those 
obtained  at  pH  8.5.  It  is  interesting  to  note  that  a  weak  band  charac¬ 
teristic  of  copper  was  observed  near  933.5  ev  for  y-APS  adsorbed  onto 
aluminum  at  pH  10.4  for  one  minute.  Copper  is,  of  course,  the  major 
alloying  element  in  2024  aluminum  and  there  may  be  some  tendency  for 
copper  to  segregate  near  the  surface  or  even  to  complex  with  '--APS 
during  treatment  of  the  aluminum  mirror  with  an  aqueous  solution  of 
y-APS  at  pH  10.4.  Similar  segregation  of  copper  near  the  surface  during 
FPL  etching  of  2024  aluminum  has  been  reported  (18) . 

The  XPS  spectrum  of  y-APS  adsorbed  onto  aluminum  from  1%  aqueous 
solutions  at  pH  10.4  for  15  minutes  is  shown  in  Figure  17C.  The  nitro¬ 
gen  Is  binding  energy  was  again  observed  near  400.8  ev,  indicating  pos¬ 
sible  formation  of  a  complex  with  metal  ions.  However,  the  most  inter- 
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esting  aspect  of  Figure  17C  concerns  the  large  band  characteristic  of 
copper  that  is  observed  near  933.5  ev .  This  result  implies  a  substan¬ 
tial  accumulation  of  copper  near  the  surface  during  extended  treatment 
of  2024  alloy  with  aqueous  solutions  of  y-APS  at  pH  10.4  and  could  be 
especially  significant  considering  that  large  concentrations  of  copper 
at  the  interface  may  be  related  to  poor  hydrothermal  stability  of  ad¬ 
hesive  bonds  to  aluminum  (18) . 

We  have  also  determined  the  structure  of  films  formed  by  the  adsorp¬ 
tion  of  y-GPS  onto  aluminum  from  aqueous  solutions.  However,  as  indicated 
above,  only  poorly  reproducible,  discontinuous  films  were  formed  on  alumi¬ 
num  mirrors  unless  a  few  drops  of  acetic  acid  were  added  to  the  solution 
to  catalyze  hydrolysis  of  the  silane.  The  spectrum  shown  in  Figure  18 
was  typical  of  those  obtained  from  mirrors  immersed  in  such  catalyzed  sol¬ 
utions  and  then  withdrawn  at  a  rate  of  0.125  in/min.  A  single  strong  band 
was  observed  near  1105  cm-1  while  a  weaker  band  was  observed  near  1190 
cm  1.  The  transmission  infrared  spectrum  of  y-GPS  is  dominated  by  bands 
near  1200,  1085,  and  820  cm  ^  (see  Figure  9A)  that  are  associated  with 
the  SiOCH3  groups.  The  virtual  absence  of  the  bands  near  820  and  1085 
cm  1  from  the  spectrum  in  Figure  18,  along  with  the  reduced  intensity  of 
the  band  near  1190  cm  ^ ,  indicates  that  the  films  formed  on  aluminum  are 
highly  hydrolyzed.  However,  the  strong  band  near  1105  cm-'*'  is  charac¬ 
teristic  of  siloxane  polymers,  indicating  polymerization  of  the  silanols 
resulting  from  such  hydrolysis.  The  spectra  of  y-GPS  films  on  aluminum 
were  always  similar  to  those  formed  on  iron  (see  Figure  9B) ,  indicating 
that  the  interaction  with  the  oxidized  surfaces  of  iron  and  aluminum  most 
likely  involves  hydrogen  bonding.  However,  the  nature  of  the  interaction 
between  y-GPS  and  these  substrates  is  still  under  investigation. 

We  have  also  prepared  single  lap  shear  adhesive  joints  in  order  to 
determine  the  effectiveness  of  y-APS  and  y-GPS  as  primers  for  improving 
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the  wet  strength  of  aluminum/epoxy  adhesive  joints.  The  results  are 
shown  in  Figure  19.  The  strength  of  unprimed  joints  dropped  quickly 
during  the  first  ten  days  of  water  immersion  and  then  stayed  rather  con¬ 
stant  to  times  as  long  as  40  days.  This  result  was  attributed  to  corro¬ 
sion  of  the  substrate  and  a  change  in  the  locus  of  failure  from  cohesive 
within  the  epoxy  to  cohesive  within  the  oxide.  Results  obtained  from 
scanning  electron  microscopy  supported  this  conclusion.  As  shown  in 
Figure  20A,  dry  unprimed  joints  clearly  failed  within  the  epoxy.  However 
severe  corrosion  was  typically  observed  on  fracture  surfaces  of  unprimed 
joints  that  had  been  immersed  for  up  to  40  days  (see  Figure  20B)  .  y-GPS 
was  an  effective  primer  for  aluminum  for  times  as  long  as  20  days  but  the 
strength  of  joints  primed  with  y-GPS  seemed  to  decrease  somewhat  after  40 
days.  Results  obtained  from  S EM  indicated  that  the  y-GPS  primer  greatly 
inhibited  the  corrosion  of  the  substrate.  Dry  primed  joints  obviously 
failed  cohesively  within  the  adhesive  as  expected.  However,  the  fracture 
surfaces  of  primed  joints  immersed  for  up  to  40  days  also  showed  some 
evidence  of  failure  within  the  epoxy  and  little  evidence  of  corrosion. 
Patrick  obtained  somewhat  similar  results  for  y-APS  primers  on  aluminum 
tapered  double  cantilever  beams  bonded  with  an  amine-cured  epoxy  (2) . 
Considerable  corrosion  was  observed  on  the  fracture  surfaces  of  joints 
prepared  from  unprimed  adherends  but  little  corrosion  was  observed  on 
the  fracture  surfaces  of  joints  prepared  from  adherends  primed  with 
y-APS  (2) . 

Reference  to  Figure  19  indicates  that  y-APS  was  always  a  more  effec¬ 
tive  primer  for  aluminum  than  was  y-GPS.  Moreover,  the  breaking  strength 
of  joints  prepared  from  adherends  primed  with  y-APS  was  rather  constant 
after  about  10  days  immersion  at  60 °C  and  did  not  decrease  significantly 
even  after  40  days  immersion.  This  result  was  somewhat  different  from 
those  obtained  for  y-APS  on  iron.  In  that  case  there  was  a  fast  initial 
decrease  in  breaking  strength  followed  by  a  slower,  more  gradual  decrease 
The  reasons  for  this  are  still  under  investigation  using  SEM,  XPS,  and 
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AES  to  determine  the  locus  of  failure.  However,  it  seems  as  though  y-APS 
inhibits  the  corrosion  of  the  substrate  leading  to  failure  that  is  near 
the  interface  but  within  the  adhesive  after  40  days.  It  is  also  inter¬ 
esting  to  note  that  the  pH  of  the  y-APS  primer  solution  is  relatively 
unimportant  for  aluminum  adherends.  This  result  is  also  considerably 
different  from  those  previously  obtained  for  iron  and  may  be  related  to 
the  rather  low  molecular  weight  of  the  polysiloxanes  formed  by  y-APS  ad¬ 
sorbed  onto  aluminum.  Analysis  of  the  fracture  surfaces  as  indicated 
above  is  expected  to  clarify  this  point. 

C.  Titanium  substrates 

The  surface  of  freshly  polished  titanium-€Al ,  4V  mirrors  was  charac¬ 
terized  using  AES  (see  Figure  21) .  Titanium,  carbon,  and  oxygen  were  the 
only  elements  detected  in  significant  concentrations.  As  usual,  the  car¬ 
bon  was  easily  removed  by  a  few  minutes  sputtering,  indicating  that  the 
carbon  was  probably  related  to  adsorbed  hydrocarbons.  Small  amounts  of 
zinc  and  silicon  were  also  detected  but  easily  removed  by  sputtering. 

Films  of  y-APS  were  formed  on  freshly  polished  titanium  mirrors  by 
immersing  the  mirrors  in  1%  aqueous  solutions  for  appropriate  times,  with¬ 
drawing  the  mirrors,  and  blowing  the  excess  solution  off  the  mirrors 
using  a  strong  stream  of  nitrogen.  Results  obtained  from  ellipsometry  in¬ 
dicated  that  the  films  obtained  were  typically  about  100  A  in  thickness. 
The  infrared  spectra  obtained  from  such  films  were  similar  to  spectra  of 
y-APS  adsorbed  onto  iron.  Films  formed  at  pH  10.4  were  characterized  by 
infrared  bands  near  1570,  1470,  and  1070  cm  1  (see  Figure  22A) .  As  indi¬ 
cated  above,  the  bands  near  1570  and  1470  cm  1  are  probably  related  to  a 
bicarbonate.  The  band  near  1070  cm  ^  is  characteristic  of  a  low  molecular 
weight  siloxane  polymer.  Films  formed  by  adsorption  of  y-APS  onto  tita¬ 
nium  mirrors  at  pH  10.4  were  unstable  during  exposure  to  the  laboratory 
atmosphere.  After  5  hours  of  such  exposure,  the  spectrum  shown  in  Figure 
22B  was  obtained  from  the  mirrors  used  to  obtain  the  spectrum  in  Figure 


22A.  After  three  days  the  spectrum  shown  in  Figure  22C  was  obtained. 

The  band  near  1070  cm”"  split  into  components  near  1140  and  1040  cm  1 ,  in 
dicating  additional  polymerization  to  form  a  high  molecular  weight  poly- 
siloxane.  Some  tendency  for  the  band  near  1470  cm  ^  to  decrease  in  inten 
sity  and  for  the  band  near  1570  cm”^  to  increase  in  frequency  during  at¬ 
mospheric  exposure  was  also  observed. 

Very  similar  results  have  been  obtained  during  atmospheric  exposure 
of  Y-APS  films  adsorbed  onto  iron  at  pH  10.4  (7).  However,  y-APS  films 
adsorbed  onto  aluminum  at  pH  10.4  were  stable  during  such  exposure  (19). 
These  results  indicate  that  there  is  a  significant  difference  in  the  in¬ 
teraction  between  y-APS  and  the  oxidized  surfaces  of  iron  and  titanium 
and  between  y-APS  and  the  oxidized  surface  of  aluminum.  In  the  former 
case,  such  interaction  is  probably  mostly  through  hydrogen  bonding.  In 
the  latter  case  the  interaction  may  involve  the  formation  of  complexes 
through  the  amino  groups  and,  perhaps,  the  formation  of  some  SiOAl  bonds, 
possibly  through  formation  of  polymers  on  the  surface. 

Some  results  have  already  been  obtained  concerning  the  use  of  y-APS 
as  a  primer  for  improving  the  wet  strength  of  epoxy/titanium  lap  joints 
immersed  in  water  at  60°C  and  are  summarized  in  Table  I  below. 

Table  I 

Breaking  Strength  of  Titanium/Epoxy  Lap  Joints 
Immersed  in  Water  at  60°C 


\  Average  Shear  Stress 

t 

i 

(psi) 

Immersion 

i 

primed  with 

primed  with 

Time 

no  primer 

y-APS  at 

y-APS  at 

(days) 

(control) 

pH  10.4 

pH  8.0 

10 

1943 

1885 

20 


These  results  indicate  that  y-APS  is  extremely  effective  as  a  primer 
for  improving  the  hydrothermal  stability  of  epoxy/titanium  adhesive 
joints.  After  40  days  in  water  at  60°C,  joints  prepared  from  adherends 
pretreated  with  y-APS  prior  to  adhesive  bonding  were  nearly  twice  as 
strong  as  joints  prepared  from  unprimed  adherends. 

These  results  are  quite  similar  to  those  previously  obtained  for 
iron  where  y-APS  was  also  found  to  be  an  extremely  effective  primer. 
However,  it  is  interesting  to  note  that  lowering  the  pH  of  the  silane 
solution  from  10.4  to  8.0  resulted  in  even  better  performance  of  the 
y-APS  primer  on  iron  but  not  titanium.  This  effect  is  still  under  in¬ 
vestigation  but  may  be  related  to  orientation  of  y-APS  on  the  surface 
(18).  The  isoelectric  point  of  the  oxide  on  iron  is  near  pH  9.0.  There¬ 
fore,  at  pH  10.4  y-APS  may  absorb  onto  the  surface  of  iron  "upside  down" 
with  the  amino  group  adjacent  to  the  oxide  (20).  However,  at  pH  8.0 
y-APS  would  adsorb  through  the  silanol  groups  as  suggested  by  the  chem¬ 
ical  bonding  theory  (see  Figure  1) .  The  isoelectric  point  of  the  oxide 
on  titanium  is  near  6.0  and  y-APS  may  adsorb  on  titanium  "upside  down" 
at  both  pH  10.4  and  8.0.  The  performance  of  y-APS  primers  may  be  even 
better  at  pH  values  nearer  to  6.0.  This  possibility  is  presently  being 
investigated. 


V.  Conclusions 


The  results  obtained  here  indicate  that  the  silanes  investigated, 
y-aminopropyltriethoxysilane  (y-APS)  and  y-glycidoxypropyltrimethoxysilane 
(y-GPS) ,  are  both  effective  as  primers  for  improving  the  wet  strength  of 
metal-to-metal  adhesive  joints  using  aluminum,  titanium  and  iron  adherends 
and  epoxy  adhesives.  However,  the  results  obtained  so  far  also  indicate 
that  the  silanes  are  most  effective  on  metals  such  as  titanium  and  iron 
that  have  relatively  stable  oxides.  y-APS  and  y-GPS  form  well  polymerized 
polysiloxanes  that  interact  with  such  substrates  by  hydrogen  bonding. 
y-APS  is  quite  reactive  toward  the  oxidized  surface  of  aluminum  and  forms 
less  polymerized  polysiloxanes  on  such  a  surface.  This  may  indicate  that 
a  modification  of  the  "chemical  bonding"  theory  will  in  fact  explain  the 
mechanism  by  which  silanes  function . 
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Model  for  treating  reflection  from  film  -  covered 
metal  as  a  boundary  value  problem. 
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Figure  3.  Sampling  arrangement  for  external  reflection  infrared 
spectroscopy  using  (A)  -  1  reflection  at  any  angle  of 
incidence  and  (B)  -  any  number  of  reflections  at  78° 
angle  of  incidence. 


10.4  and  (A)  maintained  in  nitrogen  atmosphere  and  (B)  maintained  in  dried  air 


Figure  10.  Breaking  strength  versus  immersion  time  in  water  at  60°C  for  iron/epoxy  lap 
joints  prepared  with  (A)  -  no  primer,  (B)  -  1%  y-APS  at  pH  10.4,  (C)  -  1% 
f-APS  at  pH  8.0,  and  (D)  -  1%  y-GPS  at  pH  4.0. 
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Figure  12. 


Breaking  force  versus  bonded  area  for  iron/epoxy  lap 
joints  immersed  in  water  at  60°C:  (A)  -  no  silane 

primer,  (B)  -  1%  y-APS  at  pH  =  10.4,  (C)  -  1%  y-APS 
at  pH  =  8.0,  and  (D)  -  1%  y -GPS  at  pH  =  4.0.  Critical 
concentration  equals  1.37  gm  water/100  gm  adhesive  in 
(A)  and  (D)  and  1.56  gm  water/100  gm  adhesive  in  (3) 
and  (C) . 
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Figure  19. 
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surfaces  of  unprimed  aluminum/epoxy  lap  joints  prepared 
from  unprimed  adherends  and  fractured  (A)  dry  and 
(B)  after  40  days  immersion  in  water  at  40°C. 


Infrared  spectra  of  films  formed  by  y-APS  adsorbed 
onto  titanium  mirrors  from  1%  aqueous  solutions  at 
pH  10.4:  (A)  -  immediately  after  adsorption;  (B)  - 

after  exposure  to  laboratory  atmosphere  for  5  hours 
(C)  -  after  exposure  to  laboratory  atmosphere  for  3 


